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The study of mesenchymal stem cell (MSC) migration under mechanical 
stimulation conditions with investigation of the underlying molecular mechanism could 
lead to a better understanding and outcomes in stem cell-based regenerative medicine. 
MSCs having multipotent regenerative capability exist in niches in the bone marrow, 
muscle, vasculature, and in other tissues throughout the body, and their migration through 
tissues and vasculature for the repair of damaged tissue is a key process of cell and tissue 
homeostasis, remodeling, and regeneration. While cell migration in response to cytokines 
and other chemo-attractants is relatively well understood, little is revealed in regard to the 
effect of mechanical cues. In this study, we investigated the migration of C3H10T1/2 
murine MSCs in response to fluid flow-induced shear stress in vitro. MSCs were 
subjected to steady flows with physiologically relevant shear stresses of 2, 15, and 25 
dyne/cm
2
 and compared with static control. Fluid shear induced cell migration following 
the flow direction, which effect was greater at higher shear stresses. To test the molecular 
mechanism, MSCs with stable knockdown of focal adhesion kinase (FAK) and RhoA 
kinase (ROCK), each constituting the key component of focal adhesion signaling and 
cytoskeletal tension signaling respectively, were fluid-sheared. FAK-silenced MSCs 
showed decreases in fluid shear-induced migration, for example, decreases in migration 
length, confinement ratio, and motility coefficient. Interestingly, in the presence of 
ROCK silencing, MSCs were more responsive to fluid shear, showing increases in such 
migration parameters. Our data may suggest a different role of focal adhesion and 
cytoskeletal tension in mechanical induction of MSC migration.  
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Chapter 1: Introduction 
Autonomous migration has been observed for few cell types in vivo. Among these 
are fibroblasts, leukocytes, stem/progenitor cells, and cancer cells. Mesenchymal stem 
cells (MSCs) are important regulators of and participants in tissue homeostasis and 
repair. MSCs migrate from niches in the body to damaged tissues where they undergo 
tissue-specific differentiation and release growth factors to guide remodeling
1–3
. When 
MSCs migrate they are exposed to fluid flow induced shear in the vasculature and in 
mechanically active tissues such as bone. These forces are important regulators in vivo 
but the role of the mechanically active environment in MSC migration has not been 
elucidated
4
. 
Understanding how MSCs migrate, especially for in vitro expanded cultures, is 
necessary for improving MSC-based therapy and tissue engineered outcomes
5
. MSCs 
home to tumors, bone fracture, inflammation, myocardial infarction, and to other repair 
sites in response to hypoxia and chemo-attractants such as cytokines, chemokines, and 
growth factors
6
. This homing ability makes MSCs a natural vehicle for cell-based 
therapy. Systemic or local MSC delivery has been used to treat bone defects, liver 
damage, brain damage, myocardial infarction, cancers, and autoimmune diseases
2,3,7–9
. 
The effectiveness of intravenous MSC infusion is severely reduced due to a large portion 
of the MSCs being entrapped in lung capillary beds
4,10
. Improvement of MSC arrest in 
the vasculature with subsequent transmigration of the endothelial layer may lead to more 
effective treatments. Transmigration efficiency has been proposed to be influenced by 
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mechanically sensitive proteins such as Rho associated kinase (ROCK) and integrins in 
addition to vascular shear stress and MSC chemo-attractant receptors
11,12
. 
Research Objectives 
 The first objective of this study was to investigate the role of shear stress level on 
C3H10T1/2 murine MSC migration and morphology. This was accomplished by 
subjecting cells to 2 hours of physiologically relevant shear stress at 2, 15, or 25 
dyne/cm
2
 and comparing to the static control using time lapse microscopy. The second 
objective was to test the underlying molecular mechanism of migration using stable 
knockdown of focal adhesion kinase (FAK) and ROCK, each constituting a key 
component of focal adhesion signaling and cytoskeletal tension signaling respectively. 
We will test the hypothesis that silencing FAK and ROCK mechanosensors will impair 
fluid shear-induced MSC migration. MSCs with stable FAK or ROCK knockdown were 
subjected to 15 dyne/cm
2
 shear stress and compared to the static condition. 
Organization of Thesis 
 This thesis is organized into five main chapters. The background information for 
understanding the study including the rationale for the chosen parameters is in Chapter 
One. The materials and methods used in the study are included in Chapter Two. The 
primary results of the study are presented in Chapter Three. The results of the study are 
discussed in Chapter Four with a brief discussion of future work. Chapter Five is the 
conclusion of the study. 
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Background 
 Since a consensus is lacking on the details of MSC migration, authors have 
suggested using leukocyte migration as a model for understanding MSC migration. 
Leukocytes undergo a defined sequence of events in the vasculature to migrate from 
vessels to the surrounding tissue. Leukocytes tether on the endothelial surface, roll, 
activate arrest mechanisms, spread, and then crawl on the vessel surface before 
transmigration. Leukocyte rolling and arrest on endothelial cells is mediated by integrin 
upregulation which may be enhanced by shear stress and cytokines. Once leukocytes are 
arrested on the vessel surface, they spread and extend filopodia to crawl before 
transmigrating
4,11,13
. 
Following the leukocyte model, MSCs can also exhibit a similar integrin-
mediated rolling behavior on endothelial cells. This rolling behavior has been observed in 
some, but not all cases of MSC transmigration indicating that rolling is not a prerequisite 
to arrest. MSCs have also demonstrated spreading and crawling behaviors on endothelial 
cells prior to transmigration
4,11,13
. This crawling migration mode is the focus of the 
current study. 
The stresses cells experience in the body vary with location, heart rate, and 
numerous other factors. Arteries have typical stresses in the range of 10 to 70 dyne/cm
2
. 
Veins typically have lower stresses in the range of 1 to 6 dyne/cm
2
. For this study shear 
stresses of 2, 15, and 25 dyne/cm
2
 (labeled FF2, FF15, and FF25 respectively) were 
chosen to mimic common stresses found in the body. The stress of 15 dyne/cm
2
 is 
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particularly interesting because a number of vessels in the body are actively regulated to 
maintain a wall shear stress in this range
2,14
. 
Mechanotransduction 
MSCs help create and respond to biochemical and mechanical signaling networks 
in vivo. The biochemical and mechanical networks interact through 
mechanotransduction. This process translates mechanical signals into biochemical 
changes in the cell and vice versa. The biochemical and mechanically activated signaling 
pathways can interact leading to synergistic or countering effects
15
. These signaling 
pathways govern cell differentiation, apoptosis, mitosis, and migration
4,16–18
. Most 
migration studies have focused on the biochemical aspects but have ignored the 
mechanical signals which have a large role in other cellular processes. Key 
mechanotransduction elements are shown in Figure 1-1. 
 
Figure 1-1: Key mechanotransduction elements16 
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The cytoskeleton is a key mechanotransduction element involved in cell migration 
and morphology change. The cytoskeleton can be modeled as a tensegrity structure 
meaning that it is supported through tension prestress. This tension is a factor in cell 
homeostasis and can drive cell differentiation or apoptosis. The cell senses stresses and 
strains in part through the cytoskeleton and adapts the cytoskeleton tension accordingly. 
The cytoskeleton is composed of actin, intermediate filaments, and microtubules. 
Together these elements serve as an adaptive mechanical support structure
19,20
. 
The cell is anchored to the surrounding extracellular matrix (ECM) via 
mechanosensor complexes known as focal adhesions (FAs). FAs consist of numerous 
mechanotransduction elements including force-sensitive proteins, signaling molecules, 
and integrins. The integrins are the mechanical link between the ECM and cytoskeleton. 
Integrins are transmembrane receptor proteins with binding sites for specific ECM 
proteins. These are likely the primary anchoring sites that resist fluid shearing force. The 
integrins are also the mechanism through which migration traction force is exerted. The 
focal adhesion as a whole regulates integrin adhesion, cytoskeletal remodeling, and cell 
contraction, which influence migration success
21
. 
FAK 
FAK is part of the focal adhesion complex involved in the regulation of cell 
mechanical homeostasis and other processes such as proliferation, differentiation, and 
migration. Specific to migration, FAK is involved in cell adhesion, spreading, and 
transmigration. The key role of FAK in migration has been recognized in other cell types, 
especially cancers, where it has been identified as a therapeutic target due to the 
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overexpression of FAK in these cells. FAK may be involved in migration through the 
regulation of focal adhesion turnover, directly affecting cell sensing and motility. In the 
focal adhesion FAK is directly activated by integrin interaction or through secondary 
signaling molecules
21,22
. 
ROCK 
ROCK and the upstream signaling molecule RhoA regulate cytoskeletal tension 
signaling.  The cell contractile force activates ROCK via RhoA which in turn initiates 
actin organization, activates the contractile actomyosin filaments, and decreases 
phosphotase activity. This mechanotransduction pathway is the primary mechanism 
through which a cell stabilizes the cytoskeletal tension in response to outside forces such 
as fluid shear. In migration, ROCK is thought to aid in the cell contraction process. 
ROCK has been identified as a possible therapeutic target for disorders of the central 
nervous system. Some authors have raised concerns over the ROCK inhibitors currently 
used in trials causing possibly harmful neural progenitor cell migration in static 
cultures
19,23
. FAK and ROCK signaling in fluid flow is illustrated in Figure 1-2. 
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Figure 1-2: FAK and ROCK mechanotransduction in fluid flow 
Fluid Mechanics 
The shear stress experienced by the cells is assumed to be the wall shear stress. 
The wall shear stress ( ) for a parallel plate flow chamber is given by 
   
  
   
                (1) 
where   is the flow rate,    is the fluid dynamic viscosity,   is the flow channel width, 
and   is the channel height (the depth of the fluid in the channel)24. 
The flow is laminar for the shear stresses tested. The Reynolds number (  ) can 
be used to determine whether the flow is laminar or turbulent. For parallel plate flow,    
is defined as  
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            (2) 
where   is the media density and the other variables are as before24. The maximum    
(with shear of 25 dyne/cm
2
) is 150, which is well below 1400, the transition Reynolds 
number for parallel plate flow
24
.  
The entrance length (      ) is 
                              (3) 
where h is the channel height and    is the Reynolds number24. After this length, the 
flow is fully developed and the cells receive uniform stress. The maximum entrance 
length is 0.36 cm in the current study. For our setup with 
 
 
     more than 85% of the 
surface is exposed to uniform shear stress
24
. 
Chapter 2: Materials and Methods 
Transfection with small hairpin RNA (shRNA) 
MSCs with stable FAK or ROCK knockdown were previously established in the 
lab
25,26
. Briefly, murine C3H10T1/2 MSCs (ATCC, CCL-226) were transfected with 
FAK shRNA (Santa Cruz, sc-35353-SH) using lipofectamine 2000 (Invitrogen). The cells 
were incubated for 24 hours before changing to selection media containing 2  g/ml 
puromycin. The puromycin resistant cells were selected for further passaging to establish 
the shRNA-FAK cell line (labeled as FAK-s in the text). This process was repeated with 
ROCK shRNA (Santa Cruz, sc-36432-SH) to produce a stable ROCK knockdown cell 
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line (labeled as ROCK-s) and with green fluorescent protein shRNA (Santa Cruz, sc-
108083) to produce a cell line expressing green fluorescent protein (labeled as control). 
The interference of FAK and ROCK shRNA was confirmed with immunoblotting (Figure 
2-1). The relative protein expression of FAK and ROCK was decreased by about 40% 
and 60% respectively. 
 
Figure 2-1: FAK silencing and ROCK silencing data25,26 
Cell Culture 
 MSCs were cultured in growth media composed of Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin (P/S), and 120  l of puromycin. All work with open cells took place in a 
cell culture hood. Glass microscope slides (Fisher Scientific, 25 x 75 x 1 mm) were 
placed in rectangular cell culture dishes (Fisher Scientific) and sterilized by exposure to 
UV light for 2 hours. Each slide was seeded with 1x10
5
 cells in 1 ml of media. The dishes 
10 
 
were moved to the cell culture incubator (5% CO2, 37  C) for one hour to allow cell 
attachment before filling the dishes with a total of 15 ml of media. The media was 
changed to serum starved media (DMEM, 5% FBS, 1% P/S, 120  l puromycin) 
overnight before starting the timelapse experiments in the morning. The control cells 
used in the experiments were passage 9. The ROCK-s and FAK-s cells were passage 8. 
Fluid Flow Setup 
The flow system consists of a media reservoir, a Masterflex L/S peristaltic pump, 
two pulse dampeners, an Osci-Flow flow controller (Flexcell), and a FlexFlow shear 
stress device (Flexcell) (Figure 2-2, and Figure 2-3). The flow components were 
connected with Masterflex L/S 16 tubing. The media reservoir was placed in a 37 C 
water bath. A computer running Streamsoft V 4.1 controlled the pump and flow 
controller. This program determines the required flow rate for a given shear stress by 
taking into account the device dimensions, the tubing size, and the media viscosity. These 
parameters are given in Supplementary Table 1. 
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Figure 2-2: Experimental setup 
 
Figure 2-3: FlexFlow device 
The experiments with control cells were repeated on four separate days. Each 
experiment series had one static slide and one slide each of FF2, FF15, and FF25. The 
experiments with FAK-s cells were repeated on two separate days. The conditions were 
divided so that one day had 3 static slides and 2 slides of FF15 and the other day had 2 
static slides and 3 slides of FF15. The experiments with ROCK-s cells were also repeated 
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on two separate days with the same conditions as the FAK-s cells. All shear conditions 
were applied for 2 hours. 
 The Flexflow device was assembled as directed by the manufacturer. A blank 
slide was held to the FlexFlow with a 650 mmHg vacuum (Welch). The flow system was 
sterilized with 70% ethanol for 10 minutes and then flushed with deionized water twice 
for 5 minutes. The water was drained from the system and 400 ml of serum starved media 
was added to the reservoir. The media was allowed to circulate until all air bubbles were 
removed from the system. For each experiment, a slide with cells was placed on the 
FlexFlow device and the vacuum was applied to hold the slide. The vacuum seal was 
quickly checked for leaks before placing the FlexFlow on the inverted microscope for 
imaging. The device was held by the microscope stage and secured with laboratory tape. 
Air entrapment in the system is possible at each slide change. For this reason the 
media is primed after every slide change for 30 seconds at 10 dyne/cm
2
. This is necessary 
to prevent bubbles from forming and shearing off the cells, and to ensure that the media 
and imaging environment is consistent for each experiment. Applying a shear stress 
lower than 10 dyne/cm
2
 was not found to be effective in clearing the air entrapment. 
Time Lapse Microscopy 
A section of the slide beyond the entrance length and away from the edges 
containing at least 10 free cells was selected for imaging. Some regions selected had 
clumped cells but these were ignored in processing. The time lapse recording began 
immediately after priming. Phase contrast images were recorded once per minute with a 
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Leica inverted microscope at 10X magnification using the Leica Application Suite. The 
control cells were also imaged fluorescently in addition to the phase contrast images. See 
the Appendix for a detailed microscope equipment list. 
Data Processing 
Image Processing 
 The first step in image processing was to remove motion due to microscope stage 
drift and slide movement. This was accomplished in FIJI using the Template Matching 
plugin
27,28
. A template was selected for each phase contrast image stack from a region of 
the background with distinguished features. All subsequent images in the stack were 
aligned to this template. The transform coordinates from the phase contrast stacks were 
used in a MATLAB script to align the fluorescent image stacks. The contrast was 
adjusted using the automatic window/level feature in FIJI. 
The image preprocessing, segmentation, and automated tracking were performed 
in Huth’s open source peer reviewed Time Lapse Analyzer (TLA)29. The stabilized image 
stacks were processed to detect the cell boundaries. Briefly, two separate binary masks 
were created and added together. One mask was created by applying Otsu thresholding to 
the image entropy. The second mask was created using Sobel edge detection. These two 
masks combined were able to consistently detect the cells in the images. The binary mask 
images were then used for automated cell tracking and for cell morphology 
measurements. See the Appendix for the full mask creation details. 
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Automated Tracking 
 Automated cell tracking in TLA applied a Kalman filter with centered moving 
average to the cell mask centroids. The Kalman filter predicts the state of the cell tracks 
in future frames and then updates the track predictions using the measured centroids. For 
each frame the measured centroids are assigned to a track using a unique nearest neighbor 
algorithm. This finds the best centroid match for a track from frame to frame
29,30
. See the 
Appendix for more information on the Kalman matrices and settings used. 
Data Formatting 
A program was written in MATLAB to measure the cell morphology and analyze 
the cell tracks. Briefly, the program combines the tracking data from TLA with 
measurements (from regionprops in Matlab) from the cell mask videos and performs 
calculations relevant to the experiment. The program allows the user to control which 
cells are used in the calculations and what calculations should be performed. The 
program also manages datasets for multiple conditions and experimental runs and is able 
to plot, animate, and perform statistical tests on the data. 
Cells unsuitable for measurement were excluded from the dataset. This included 
cells that: left the frame during the experiment, were clumped together, were not detected 
consistently, and that were not detected within the first frames. The measured tracks were 
scaled by the micrometer/pixel ratio prior to performing further measurements. Each 
measurement was taken for each frame when appropriate. 
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Migration Measurements 
 For each track the displacement, velocity, migration angle, confinement ratio, and 
arrest coefficient were measured. The root mean square (RMS) displacement, a measure 
of group dispersion, was also measured for each experimental condition. The RMS 
displacement is defined as 
     √
 
 
∑   
  
         (4) 
where   is the number of measured cells, and   is the cell displacement for the frame. 
The slope of      plotted against √  is the motility coefficient which is comparable to a 
diffusion coefficient. The RMS displacement is more useful for capturing the migration 
trends compared to using the average displacement, velocity, or confinement ratio alone.  
All figures are presented with the flow direction horizontally from left to right. 
The raw track data is equalized for each condition by moving the track starting points to 
the plot origin (Figure 2-4). This plot is useful as an overview of the data but can be 
difficult to read clearly. The total displacement and migration direction of each track is 
easier to see in a compass plot (Figure 2-5). In this plot the tracks are equalized to the 
plot origin and an arrow is drawn connecting the track start to the end. The rose plot 
(Figure 2-6) is a normalized angular histogram of the cell migration angles. 
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Figure 2-4: Raw tracks 
 
Figure 2-5: Compass plot 
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Figure 2-6: Rose plot 
 The total track displacement was measured as the Euclidian distance from the 
track start to the end. The velocity was measured as the change in displacement divided 
by the timestep. Both the instantaneous velocity and the average velocity with a timestep 
of 5 minutes were calculated. The migration angle was defined as the angle between the 
line connecting the track start to the track end and the flow direction measured counter 
clockwise from the flow direction. A cell was defined as moving with the flow direction 
if the migration angle was within +/- 
 
 
 of the flow direction. Cells with migration angles 
in the range   +/- 
 
 
  were defined as moving against the flow direction (Figure 2-7). 
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Figure 2-7: Flow diagram 
 
The confinement ratio is the total displacement divided by the path length. This 
measures how direct the migration path is between the start and the end. The arrest 
coefficient measures the percent of time a cell is paused
31
. A cell is defined as paused if 
the speed is less than one standard deviation below the average speed of the static control 
cells. 
Morphology Measurements 
 The cell morphology was measured and adjusted to account for the 
micrometer/pixel ratio when appropriate. The cell area, perimeter, major axis length, 
minor axis length, orientation, and other parameters were measured at each frame. From 
these measurements the area contraction, shape index, and circularity were calculated. 
The area contraction is the percent change of area from the initial cell area. The 
shape index is the ratio of the major axis length to the minor axis length. This value 
ranges from 1 when the axes are equal to large numbers when the cell is spindle-shaped.  
Circularity measures the deviation of the shape perimeter from a circle. Circularity is 
defined as 
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      (5) 
where   is the cell area, and   is the perimeter. The circularity decreases with increasing 
shape roughness.  
Statistics 
Statistical significance was determined using one-way analysis of variance 
(ANOVA) with a Tukey-Kramer post hoc test in MATLAB. The data were checked to 
ensure the ANOVA assumptions were met. Skewed data were detected by plotting the 
residuals of ANOVA against a standard normal curve. A log10 transform was applied to 
skewed data before applying statistical tests and then back transformed before presenting 
the results. For this case the back transformed mean becomes the geometric mean and the 
confidence intervals become asymmetric. Data are presented as mean ± SEM. See the 
Appendix for the transform applied to each measurement. Results are presented as 
significant for  <0.05. 
Significance is indicated with markers over the bar graphs. The symbols that mark 
significance with static control, FF2, static ROCK-s, and static FAK-s are *, #, +, and ‡ 
respectively. The   values of 0.05, 0.01, and 0.001 are indicated by single, double, and 
triple symbols respectively. 
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Chapter 3: Results 
Fluid Shear Effects on MSC Migration 
 The average control cell displacement was influenced by the strength of the shear 
stress applied (Figure 3-1a). The average displacement had an increasing trend with 
increasing shear stress. The FF25 group had a significantly larger displacement (31.1  m) 
than the static control (10.4  m) and FF2 (13.7  m) groups. The confinement ratio and 
the percent of cells migrating with the flow direction followed similar trends (Figure 3-1b 
and c). The confinement ratio increased from an average of 0.24 for the static control to 
0.37 for FF15 and 0.49 for FF25. Both FF15 and FF25 achieved significance compared to 
the static control. Significantly more cells traveled with the flow direction in the FF25 
group compared to the unstressed cells. Taken together these findings indicate that fluid 
flow-induced shear stress may cause the MSCs to travel further in the flow direction in a 
straighter line. 
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Figure 3-1: Quantified cell tracks. Displacement (a), confinement ratio (b), and percent of cells migrating in flow 
direction (c). 
 The cell speed transiently increased under fluid flow. The FF2, FF15, and FF25 
groups increased to speeds of up to 0.86, 1.45, and 1.02  m/min respectively for the first 
10 minutes under shear (Figure 3-2 and Figure 3-3). The FF15 and FF25 groups were 
significantly faster than the static control average speed of 0.54  m/min during this time. 
The initial increase in the speed of the sheared cells was transient and there was no 
significant difference in the cell speeds after 10 minutes. No significant differences in the 
arrest coefficients were found (Figure 3-4). 
(a) (b) 
(c) 
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Figure 3-2: Speed time series 
 
Figure 3-3: Speed bar graphs 
 
Figure 3-4: Arrest coefficient 
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 A shear of 15 dyne/cm
2
 was chosen to test the FAK and ROCK silenced cells. 
The FF25 group had more significant differences compared to the static control group 
than the FF15 group did but more cells were washed away in the FF25 group. There was 
a concern that the 25 dyne/cm
2
 shear would wash away as many or more of the silenced 
cells. These cells often detached with long tethers, at times remaining connected for a 
number of minutes. It is possible that these cells were attempting to participate in the 
rolling and tethering migration mode which has been demonstrated in vivo for MSCs but 
the goal of this study was to measure MSC crawling migration
32
.  
Effects of FAK and ROCK Silencing: Static Culture 
 The silenced cells displayed differences in behavior even without an applied shear 
stress. Differences in seeding efficiency were apparent among the cell lines. Even though 
all cell lines were seeded at the same density, relatively less FAK-s cells attached to the 
slides compared to the control cells. The ROCK-s cells had greater seeding efficiency 
than both the control and FAK-s cells. This difference in seeding efficiency resulted in 
more ROCK-s cells being excluded from analysis due to cell clumping. Pluripotent cells 
with ROCK inhibitor have been shown to have better survival rates after freezer storage 
but it is unclear if this explains the greater seeding efficiency of our ROCK-s cells
33
. 
The cells under static conditions exhibited some adaptation during the timelapse 
period. The FAK-s cells did not follow the same adaptation responses as did the control 
and ROCK-s cells (Figure 3-5). Both the control and ROCK-s cells had an initial area 
contraction followed by a gradual return to the initial area. The FAK-s cells lacked this 
adaptation and instead had a gradual decrease in average area from the start to the end of 
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the timelapse. Similar results were observed for the shape index and circularity (see the 
appendix) where the control and ROCK-s cells had an initial adaptation response which 
was lacking in the FAK-s cells.  This adaptation may be due to the shear stress from the 
priming. The FAK-s cells conformed to our initial hypothesis of having decreased 
response to mechanical stimulation. 
 
Figure 3-5: Static cell area measurements 
The FAK-s cells were more confined than the static control and had a decreased 
average displacement (Figure 3-8). The average FAK-s displacement under static 
conditions was 7.27  m. In contrast, the ROCK-s cells did not conform to our 
expectations and had increased mobility even under static conditions. The ROCK-s cells 
tended to displace further (13.6  m) and with more direct paths than the static control and 
FAK-s groups. The FAK-s and ROCK-s displacement and confinement ratio were 
significantly different from each other. 
 Control 
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Effects of FAK and ROCK Silencing: Flow-induced MSC Migration 
 The effects of the FAK and ROCK mechanosensor knockdown were further seen 
under shear. The raw track and compass plots are shown in Figure 3-6 and Figure 3-7 
respectively. The sheared FAK-s (FAK-s 15) cells significantly increased displacement 
compared to the static FAK-s cells (Figure 3-8a). The confinement ratio was also 
significantly increased and significantly more cells moved in the flow direction compared 
to the static condition (Figure 3-8b and c). At first glance there appears to be little 
difference between the control and FAK-s cells in both the static and sheared conditions. 
The differences in migration behavior are later evident in the RMS displacement plot 
(Figure 3-11) which is a more meaningful measurement than the average displacement 
for migration studies. The RMS displacement is a more holistic measure of migration that 
contains elements of the displacement, confinement, and cell motility. In general for a 
given timepoint the average displacement and RMS displacement will not be equal. 
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Figure 3-6: Raw tracks for silenced cells 
 
Figure 3-7: Compass plots for silenced cells 
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Figure 3-8: Quantified cell tracks of the FAK and ROCK silenced cells. Displacement (a), confinement ratio (b), 
and percent of cells migrating in flow direction (c). 
The ROCK-s cells again acted contrary to our hypothesis and had increased 
mobility under shear stress. The sheared ROCK-s cells (ROCK-s 15) had significantly 
increased displacement compared to the static conditions (Figure 3-8a). The ROCK-s 15 
cells tended to move in straighter paths (Figure 3-8b) with the flow direction (Figure 
3-8c). The ROCK-s 15 cells had increased average displacement and confinement ratio 
compared to the control FF15 cells but this did not reach statistical significance. 
 The silenced cells also had a transient increase in cell speed when the fluid shear 
started. Similar to the control cells, the speed under fluid flow was significantly faster 
than the static condition for the first 10 minutes (Figure 3-9). The FAK-s cell speed under 
(a) (b) 
(c) 
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shear was reduced compared to the sheared control cells. Although the average 
displacement and confinement ratio were greater for the ROCK-s cells than for the 
control, the peak speed of the ROCK-s cells was lower. The static ROCK-s cells were 
significantly faster than the static FAK-s cells for the first couple of minutes. The ROCK-
s 15 cells under shear also spent significantly less time pausing than the static FAK-s 
cells (Figure 3-10). 
 
Figure 3-9: Speed bar graph silenced cells 
 
Figure 3-10: Arrest: silenced cells 
Group dispersion is measured in the RMS displacement plot (Figure 3-11). In this 
plot the control cells have an increasing trend of group dispersion and motility coefficient 
(Table 1) with increasing shear stress. The static FAK-s cells were severely confined with 
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a low motility coefficient and RMS displacement compared to the static control cells. The 
FAK-s 15 cells had an increased motility coefficient and RMS displacement compared to 
the static FAK-s condition. The RMS displacement and motility coefficient of the FAK-s 
15 cells was reduced compared to the control FF15 condition. The FAK-s 15 behavior 
was more similar to the control FF2 condition instead of the FF15 condition. The ROCK-
s 15 cells had the greatest increase in motility coefficient and RMS displacement 
compared to the static condition. The ROCK-s 15 cells also had a greatly increased RMS 
displacement and motility coefficient when compared to the control FF15 cells. The RMS 
displacement and motility coefficient of the ROCK-s 15 cells was greater than all the 
other conditions tested.  
 
Figure 3-11: RMS displacement of control cells (a) and control and silenced cells at static and 15 dyne/cm2 
conditions (b) 
  
(a) (b) 
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Table 1: Motility coefficients 
Cell type Shear level [dyne/cm
2
] Motility Coefficient 
Control 
0 (Static) 2.54 
2 2.00 
15 2.87 
25 3.55 
FAK-s 
0 (Static) 1.00 
15 2.24 
ROCK-s 
0 (Static) 1.88 
15 3.63 
 
 The timeseries plots of various morphology measurements are included in the 
Appendix for completeness. The definitions for these measurements are also included in 
the Appendix. In most cases the difference between the conditions for a given time point 
was not significant. For many of the measurements, the cells had an initial adaptation 
response within the first 40 minutes followed by a gradual change in the measurement. 
Chapter 4: Discussion 
 The study of stem cell migration may have many applications in the improvement 
of regenerative medicine. As mentioned in the introduction, MSCs home to tumors, bone 
fractures, sites of inflammation associated with autoimmune disorders, myocardial 
infarction, and to other damaged tissues in response to chemo-attractants
2,6–9
. The 
migration process and the role of mechanical signals in particular are not well 
understood. Improvements to cell injection therapy could be made if the migration to 
damaged sites was better understood. For example, MSC homing is dependent on 
adhesion to the vessel wall and transmigration efficiency. These processes have been 
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proposed to be dependent on the shear stress level. Understanding how the cells react to 
different levels of shear stress could improve adhesion or migration efficiency
2,4,11
. 
 Studying stem cell migration under fluid flow could also improve tissue 
engineering scaffolds and perfusion bioreactor design. Tissue engineering suffers from 
low cell invasion into the scaffold. Understanding the effect of bioreactor flow on 
scaffold cell invasion could greatly improve tissue outcomes. In addition, how chemical 
factors and mechanical signals interact in migration is unknown. Many studies have 
attempted to functionalize biomaterials or MSCs to increase migration. For example, 
MSCs modified to express CXCR4 receptor homed to myocardial infarction and 
reinforced and repaired the heart walls. As another example, MSC homing to bone 
increased with increased integrin  4 expression7,8. The role of the mechanical 
environment in MSC migration efficiency has not been investigated. 
Our findings indicate that MSCs participate in directed crawling migration under 
a fluid shearing stress. Furthermore, increasing the stress level increased cell 
displacement and the efficiency of migration. Our study focused on the crawling 
migration behavior of MSCs and did not attempt to quantify migration by other migration 
modes such as rolling and tethering which have been demonstrated in vivo and in 
vitro
13,32
. It is possible that the cells that detached with long tethers were attempting an 
active migration process but the chance of reattachment was low since the glass slides 
were not functionalized with selectin or integrin counterligands
4
. The most significant 
results were obtained with shear at or above the 15 dyne/cm
2
 set point for many vessels.  
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The cells had an increasing trend of migrating with the flow direction with 
increasing shear. These results are in contrast with the migration of other autonomous 
cells such as leukocytes which tend to have an increased arrest under high flow, and some 
cancer cells, which migrate against the flow direction
4,34,35
. One thing to note is the lack 
of long term differences in cell speed among the shear conditions, which may suggest 
that fluid flow does not simply force the cells to move by shearing. 
 The inhibited migration of the static and sheared FAK-s cells indicates that FAK 
is necessary for normal cell migration. The FAK-s cells also migrated with the flow 
direction but with less RMS displacement and a lower motility coefficient compared to 
the other cells. The decreased migration capability may be due to difficulty in focal 
adhesion turnover. For example, sheared endothelial cells have been found to recruit 
FAK to new focal adhesions on the leading edge of cell migration. Additionally, the 
stress fibers connected to these new focal adhesions were found to be stabilized 
compared to the stress fibers at other points in the cell
36
. The focal adhesion turnover may 
be limited in our FAK-s cells, reducing the capability to create new attachment points 
required for migration. FAK inhibition has also been tied to an increase in Rho, which 
further increases the cytoskeletal tension which may decrease the cytoskeleton adaptation 
ability in migration
21
. The FAK-s cells may also have decreased ability to sense 
mechanical stimulation. This can be seen in the lack of an adaptation response in the 
morphology measurements. Overall changes in the focal adhesion structure leading to 
changes in mechanosensitivity have been proposed in FAK deficient cells
19
. 
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 Contrary to our initial hypothesis, ROCK-s cells had increases in migration in 
both the static and sheared conditions and also when compared to the FAK-s cells. Our 
results are in line with studies on ROCK inhibition in other cell types under static 
conditions. In other studies, application of ROCK inhibitors increased the migration 
speed of the HeLa cell line, promoted migration of neural precursor cells, restored cell 
motility in overtensioned cells, and increased transendothelial migration of 
MSCs
12,23,37,38
. 
The mechanisms behind this change remain unclear but many authors have 
proposed that blocking ROCK decreases overall cytoskeletal tension which decreases the 
resistance to remodeling during migration. Other authors have proposed that ROCK is 
not critical for migration
37
. Migration by lamellapodia at the leading edge of the cell is 
driven by actin polymerization via Rac. Contraction via RhoA and ROCK has been 
proposed to act primarily at the trailing edge of cells during migration
39
. It is possible that 
the cell compensates for the lack of ROCK induced contraction using other molecular 
contractors. Some authors have raised concerns over the increased migration of static 
cells as a potential negative side effect of the use of ROCK inhibitors in drug trials. These 
authors found increased and potentially hazardous migration of neural cells in static 
culture
23
. Our study is the first to show that ROCK inhibition could also increase MSC 
migration in mechanically active environments. 
Our study did not find significant differences in the morphology measurements 
between the control cells and the ROCK-s cells. The ROCK-s cells also followed the 
general trend of having an initial adaptation response followed by a gradual change in the 
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morphology. Contrary to our results, primary bone marrow cells with an applied ROCK 
inhibitor Y-27632 did not have an adaptation response under fluid flow of 13 dyne/cm
2
. 
These cells were not tested to verify the MSC properties however
2
. 
Our study was designed to reduce the number of factors affecting the migration 
results. Future studies would benefit from investigating the combined effects of shear 
stress, chemo-attractants, ECM proteins, and macro vs. microfluidic environments on 
MSC migration. Testing the migration of MSCs on biomaterial surfaces would provide 
information more specific to the improvement of tissue engineering scaffolds and 
bioreactors. Assessing the chemical signals released by the migrating MSCs would also 
provide insight into the migration process. Measuring the secretion of matrix 
metalloproteinases by the migrating MSCs could reveal transmigration attempts. Studies 
at both the macro and micro scale are necessary to understand the full picture of MSC 
migration in vivo. Macro scale studies are useful for testing the migration behavior of a 
large number of cells at once but they lack the ability to mimic the diverse micro 
environments found in the body. Microfluidic studies have the potential to better mimic 
the environments found in vivo and allow for high throughput testing of biomimicking 
flow conditions
17
. 
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Chapter 5: Conclusions 
In conclusion, we found that shear stress level has a significant influence on MSC 
migration. The displacement, motility coefficient, and number of cells migrating with the 
flow direction had an increasing trend with shear stress. The differences in behavior 
among the cells with modulated molecular mechanosensors highlight the unique roles of 
FAK and ROCK in MSC migration. FAK-s cells had inhibited migration, motility 
coefficient, and confinement ratio compared to the other cell types. Fluid flow caused the 
FAK-s cells to migrate in the flow direction but with greatly reduced RMS displacement. 
Inhibition of FAK may reduce the focal adhesion turnover, decreasing the opportunity to 
create the new attachment points required for cell migration. The FAK-s displayed 
reduced ability to adapt compared to the other cells as measured by the morphology 
change. Contrary to our initial hypothesis, the ROCK-s cells had increased migration, 
displacement, confinement ratio, and motility coefficient compared to the other cells. The 
ROCK-s cells had morphology adaptations similar to the control group.  
A summary diagram of our findings is shown in Figure 5-1. This highlights that 
increased shear increased directed cell migration. Decreases in the two mechanosensors 
FAK and ROCK had opposing effects on MSC migration. Cells with decreased FAK, a 
key linker protein in focal adhesion mechanotransduction had decreased migration and 
were less responsive to mechanical stimulation. Cells with decreased ROCK, a key 
sensor and regulator of cytoskeleton tension, had increased migration and were relatively 
more responsive to mechanical stimulation. 
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Figure 5-1: Summary illustration of FAK and ROCK influence on MSC migration 
In this study we developed methods for accurately tracking and measuring cell 
migration and morphology. Our methods built off of peer reviewed open source cell 
tracking software and added the ability to measure morphology changes, process the data, 
and manage multiple datasets. The development of this program should increase the ease 
and speed of future migration studies. 
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Appendices 
Appendix A: Device Details 
FlexFlow Device Parameters 
Supplementary Table 1: Flow device parameters 
Parameter Value [Unit] 
Channel width,  1.22 [cm] 
Channel height,   0.06 [cm] 
Viscosity,   0.01 [dyne*s/cm2] 
Density,   1.0 g/cm3 
Tubing size Masterflex L/S 16 
Microscopy Information 
Supplementary Table 2: Microscopy information 
Item Details 
Microscope Leica DMI 4000 B 
Objective Leica 10X/0.3. HCX PL Fluotar 10x 0.3 dry 
Acquisition software Leica application suite  LAS AF 6000E 2.2.1 
Camera Photometrics CoolSnap EZ  
Fluorescent light source Sutter instrument company Lambda LS 17 
Filter cube Leica L5 
Parameter Value 
Horizontal pixels 1392 pixels 
Vertical pixels 1040 pixels 
Bit depth 12 bits 
 
Appendix B: Image Processing 
Image Alignment 
Supplementary Table 3: Template Matching plugin settings 
Path In 
FIJI 
Plugins  Template Matching  Align slices in stack 
Settings Normalized correlation coefficient matching method 
Subpixel resolution 
Bilinear interpolation method 
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Image Processing Work Stack 
1: (  
Supplementary Table 4: Image processing mask 1 
Step 
Number 
Action Description 
2 Adjust  Modifies contrast 
3 Entropy(5)  Finds image entropy (mask size) 
4 power(4)  Raises pixel values to (power) 
5 Otsu  Applies Otsu thresholding 
6 Dilation(15)  Expands mask fragments to create larger 
mask (mask size) 
7 Fill in holes(1000)  Fills in holes in mask smaller than (value) 
8 Delete large 
regions(20000)  
Deletes regions of connected pixels 
larger than (value) 
9 Erosion(15)  Refines mask and removes small connecting 
strands (mask size) 
10 Opening(12)  Further removes small connecting strands 
(mask size) 
11 Delete small 
regions(600)  
Deletes small disconnected groups of size 
(value) 
12: )  
13: +  
14: (  
Supplementary Table 5: Image processing mask 2 
Step 
Number 
Action Description 
15 Sobelfilter 
Edges(0.04,both)  
Uses image gradient to find binary edge 
mask 
16 Dilation(15)  Expands mask fragments to create larger 
mask (mask size) 
17 Fill in holes(1000)  Fills in holes in mask smaller than (value) 
18 Erosion(12)  Refines mask and removes small connecting 
strands (mask size) 
19 Opening(12)  Further removes small connecting strands 
(mask size) 
20 Delete small 
regions(600)  
Deletes small disconnected groups of size 
(value) 
21: )  
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Mask results 
An example mask is shown in Figure 0-1 where (a) is the unprocessed image, (b) has 
the entropy filter, (c) has the Sobel edge filter, and (d) is the combined mask. 
 
Figure 0-1: Mask demonstration 
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Appendix C: Cell Tracking 
Kalman Filter 
Supplementary Table 1 summarizes the Kalman filter matrices used. 
Supplementary Table 6: Kalman filter matrices 
Movement model matrix (A)  
 
1 0.2 0 0 
0 1 0 0 
0 0 1 0.2 
0 0 0 1 
Process noise covariance (Q)  
 
25 0 0 0 
0 25 0 0 
0 0 25 0 
0 0 0 25 
State to measurement relation (H)  
 
1 0 0 0 
0 0 1 0 
Measurement error covariance (R)  
 
16 0 
0 16 
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Time Lapse Analyzer Tracking Settings 
Supplementary Table 7 summarizes the tracking settings used in Time Lapse 
Analyzer. 
Supplementary Table 7: Tracking settings 
Box Check /uncheck Option name Parameter setting 
Check Smoothing of tracks previous 
to velocity measurement by 
CMA (Centered moving 
average filter) parameter: 3 
Uncheck Minimum track length 10 
Uncheck Maximum track length - 
Uncheck Maximum distance of next 
centroid 
140 
Uncheck Maximum mitosis distance 35 
Uncheck Maximum mitosis events 4 
Uncheck Maximum frame border events 5 
Uncheck Maximum cell missing events 3 
Uncheck Delete cells that come into or 
leave the field of view 
n/a 
Uncheck Initialize all cells during 
tracking, not only at frame 
border. Initialize up to n‘th 
frame 
n/a 
Check Run two iterations n/a 
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Appendix D: Statistics 
Statistic Supplementary Information 
Supplementary Table 8 lists the transforms applied to the measurements to meet 
the ANOVA assumptions. As an example, the ANOVA residuals of the speed 
measurement are shown in Figure 0-2 and Figure 0-3 before and after the transform is 
applied. 
Supplementary Table 8: Transform applied to measurement 
Measurement Transform 
Displacement Log10 
Confinement ratio None 
Percent of cells migrating 
with/against flow direction 
None 
Arrest coefficient None 
Speed Log10 
Area Log10 
Circularity None 
Shape index Log10 
Orientation None 
Minor axis length Log10 
Major axis length Log10 
Equivalent diameter Log10 
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Figure 0-2: Histogram of ANOVA residuals for (a) untransformed and (b) log10 transformed speed 
measurement 
 
 
Figure 0-3: Normal probability plot of ANOVA residuals for (a) untransformed and (b) log10 trasformed speed 
measurement 
Appendix E: Supplementary Results 
The Rose plot for the silenced cells is shown in Figure 0-4. 
(a) (b) 
(a) (b) 
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Figure 0-4: Rose plot for silenced cells 
 
 
Figure 0-5: Plot legend 
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Figure 0-6: Shape index (left) and Circularity (right) for static cells 
 
 
Figure 0-7: Area vs. time for control cells (left) and control and silenced cells at static and 15 dyne/cm2 
conditions (right) 
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Figure 0-8: Circularity vs. time for control cells (left) and control and silenced cells at static and 15 dyne/cm2 
conditions (right) 
 
 
Figure 0-9: Shape index vs. time for control cells (left) and control and silenced cells at static and 15 dyne/cm2 
conditions (right) 
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 The orientaiton (Figure 0-10) is defined as the absolute value of the angle 
between the cell major axis and the flow direction in the range of 0 to 90 . 
 
Figure 0-10: Orientation vs. time for control cells (left) and control and silenced cells at static and 15 dyne/cm2 
conditions (right) 
 The equivalent diameter (Figure 0-11) is the diameter of a circle with the same 
area as the cell. 
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Figure 0-11: Equivalent diameter vs. time for control cells (left) and control and silenced cells at static and 15 
dyne/cm2 conditions (right) 
The major axis length (Figure 0-12) is essentially a measure of the longest part of 
the cell. It is defined as the major axis of an ellipse with the same normalized second 
moment as the cell. Similarly, the minor axis length (Figure 0-13) is the minor axis of the 
ellipse with the same normalized second moment as the cell. 
 
Figure 0-12: Major axis length vs. time for control cells (left) and control and silenced cells at static and 15 
dyne/cm2 conditions (right) 
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Figure 0-13: Minor axis length vs. time for control cells (left) and control and silenced cells at static and 15 
dyne/cm2 conditions (right) 
